Magnetic susceptibility of rocks can be dominated by diamagnetic and paramagnetic matrix minerals, ferrimagnetic and antiferromagnetic trace minerals, or a combination. The interpretation of magnetic fabric data (anisotropy of magnetic susceptibility, AMS) hinges on the qualitative and quantitative analysis of the sources of magnetic susceptibility. We discuss two methods that quantify the contribution of the different groups to the AMS: (1) comparative measurements of the magnetic susceptibility in low fields and high fields and (2) heating curves from 77 K to room temperature (low temperature magnetic susceptibility, LTMS). Method 1 measures paramagnetic, diamagnetic, and antiferromagnetic susceptibilities above the saturation magnetization of the ferrimagnetic minerals and method 2 interprets heating curves based on the fact that only the paramagnetic susceptibility is a function of temperature (Curie-Weiss law). Curie constants, paramagnetic Curie temperatures, and phase transitions (Verwey at 118 K: magnetite; Morin at 263 K: hematite) are diagnostic for specific minerals and provide further information about the contributing minerals of the sample. The relative contribution of the ferrimagnetic and paramagnetic minerals to the total susceptibility can be estimated from both methods with the same precision, if antiferromagnetic and diamagnetic contributions are insignificant. However, the LTMS method requires only simple equipment and procedures. The low temperature method can be extended to the three-dimensional case to decompose the total susceptibility tensor into its paramagnetic and ferrimagnetic sub-tensors (low temperature AMS, LTAMS). L1'MS and LTAMS are powerful additions to the group of magnetic fabric methods that allow the quantification of mineral preferred orientation in natural samples.
Introduction
and relationships between the two tensors were detennined empirically (review by Borradaile, After its introduction to the geosciences (Ising, 1991) , in experiments (e.g. Borradaile and Pu-1942; Graham, 1966) , measurements of the umala, 1989), and mathematically (Owens, 1974 ; anisotropy of magnetic susceptibility (AMS; e.g. Hrouda, 1980; Richter, 1992) . Strong influences reviews by Hrouda, 1982; Borradaile, 1988) have of the rock composition on the AMS ellipsoid been used to obtain preferred mineral orientation (Owens and Bamford, 1976; Borradaile, 1987 ) data in sedimentology, volcanology, and strucand the fact that more frequently paramagnetic tural geology. The AMS ellipsoid has been prominerals and not, as it was previously thought, posed to correlate with the finite strain ellipsoid the ferrimagnetic trace minerals dominate the AMS of natural rocks (Rochette, 1987; Housen and van der Pluijm, 1990) led to a re-evaluation AMS measures the degree of preferred orienta- (Stephenson et al., 1986; Jackson et al., 1988 ; tion of the short and long axes of the magnetites Jackson, 1991) . Methods 3 and 4 are based on the in a ferrimagnetic-dominated rock and the crysspecific behavior of the magnetic susceptibility in tallographic preferred orientation of mica basal different fields and temperatures and yield a planes in a mica-dominated rock (Uyeda et a!., unique solution. Methods to resolve both high 1963). In many cases both groups contribute sigfield and low field anisotropy have been develnificantly to the AMS and an interpretation of oped, but require specific rock magnetic equipthe data is only possible if the ferrimagnetic or ment that is not available to most laboratories. the paramagnetic part can be separated from the Rochette and Pillion (1988) , for example, use a total AMS tensor. Under these conditions, AMS rotating sample in a cryogenic magnetometer at is a powerful petrofabric tool, similar to a U-stage fields from 0 to 4 T and Parma (1988) and Hrouda or an X-ray texture goniometer if the sources of and Jelinek (1990) use a high field torque meter. magnetic susceptibility are known. Moreover, if In this paper we discuss a low temperature strain and mineral preferred orientation relationmethod for bulk properties (experimental proceships correlate well (March, 1932; Oertel, 1983;  dures and data analysis) and further expand its Richter et al., 1993) , AtvIS provides a direct meaapplication. Throughout we will refer to this surement of finite strain, method as low temperature magnetic susceptibilThe use of AMS data as a method to deterity (LTMS), which needs only simple equipment mine mineral preferred orientations requires the (thermocouple and liquid nitrogen) in addition to identification of the sources of magnetic susceptia susceptibility meter. The LTMS will be cornbility and if more than one mineral contributes to pared with results obtained from the high field/ the magnetic susceptibility the quantification and low field method on a series of natural samples separation of the different sub-tensors (fernfrom different studies. Further on, we will extend magnetic, paramagnetic, and diamagnetic subthe low temperature method to the three dimentensors). Four separation methods have been prosional case to demonstrate how to separate the posed to analyze bulk properties quantitatively:
ferrimagnetic from the paramagnetic part of the (1) a numerical method that uses data reduction total AMS tensor, i.e. how to obtain the paramag- (Henry and Daly, 1983; Henry, 1985) , (2) the netic, and the ferrimagnetic sub-tensors. We will anisotropy of remanence (e.g. Jackson, 1991), (3) refer to this method as low temperature heating curves of the susceptibility from low ternanisotropy of magnetic susceptibility (LTAMS). peratures (typically 77 K) to room temperature
The aim of our paper is to provide the basic (Schultz-Krutisch and Heller, 1985; Jover et al., theory and technology for the identification and 1989), (4) the comparison between high field and separation of ferrimagnetic and paramagnetic low field susceptibilities (Rochette and Pillion, fabrics, which is essential for any interpretation 1988; Hrouda and Jelinek, 1990) . Method 1 of magnetic susceptibility data with standard AMS (Henry method) does not work on the specimen equipment. scale and is only valid under the assumption that variations in the magnetic susceptibility of the site result from variations in the amount of fern-2. Identification of the sources of magnetic susmagnetic minerals. The second method, the ceptibility anisotropy of remanence (anisotropy of anhysteretic remanence or isothermal remanence) that 2.1. Lowfield and high field susceptibilities can be acquired only by ferrimagnetic minerals, yields results that are not simply comparable with
The magnetic susceptibility (k) is the dimenthose obtained from any other method. The reasionless proportionality factor between the magson is that the acquisition of a rernanent magnetinitude of induced magnetization (M) and the zation is a function of physical parameters such applied magnetic field strength (H): M 1 = k~I-Iã s grain size, coercitive force, and applied field (e.g. Hrouda, 1982; Nye, 1985) , where k~is a second-rank symmetric tensor. This relationship~o.i
The low field susceptibility (k 0) is usually de-~JIS -9.54E-3Am 2lkĩs valid for low fields and high saturating fields. pie. Figure 1( 
1(a)). The difference between the low field and
Field strength [T] the high field susceptibility of a sample yields the (e.g. Nye, 1985; Hrouda, 1986; Borradaile, 1987) hysteresis loop is a straight line if ferrimagnetic minerals are absent or negligible; the low field and the high field measureis used as the diamagnetic volume susceptibility.
ments are identical and both measure the susceptibility of the The total diamagnetic susceptibility, however, also matrix minerals.
contains the diamagnetic contribution of all other minerals (paramagnetic and ferrimagnetic), which ple). Hence, there is virtually no contribution of a is in the order of -1 x iO~for most rockformferrimagnetic phase and the low field anisotropy ing minerals.
(AMS) measures the crystallographic preferred Figure 1 (b) shows an example of the magnetiorientation of the matrix minerals. zation behavior of a paramagnetic schist in fields Low field measurements were carried out on a up to 1 T. The straight line demonstrates (1) that Sapphire Instruments SI-2 susceptibility meter a ferrimagnetic remanence is absent and (2) that (applied field: 0.1 mT) and high field measurethe susceptibility is the same in low and high ments on a vibrating sample magnetometer (apfields (kHF = k0 k0 = 1.91 x iO~for this examplied field up to 1.5 T).
Analysis oflow temperature magnetic suscepti-
feres with the susceptibility readings. Therefore,
bility (LTMS)
we first cool the sample down to 77 K (ca. 25 mm fully emerged in a liquid nitrogen bath) and meaThe low temperature method investigates the sure the temperature during heating to room temperature dependence of the magnetic susceptemperature as a function of time. A computer tibility. The paramagnetic susceptibility (kpara) is utility automatically records the time at which a a function of temperature (T) and is described by reading is entered and stores the temperaturethe Curie-Weiss law time T(t) data. This step can be fully automated.
The sample is then cooled again and the suscepti-
bility is measured as a function of time k(t). The with C the Curie constant and 0 the paramag-T(t) and k(t) curves are combined to a k(T) netic Curie temperature. 0 can vary from -20 to curve using a computer routine. The time inter-40 K for biotite (Bouchez et al., 1990) and is vals between the temperature and the susceptibilnegligible for muscovite and most chlorite bearity readings can be independently selected and ing rocks. The Curie-Weiss law is valid only for the same T(t) curve can be used for different paramagnetic materials. Antiferromagnetic, diaspecimens with the same lithology. Typical heatmagnetic, and most ferrimagnetic minerals have a ing times are 15-30 mm depending on sample temperature independent susceptibility in the size and rock composition. A better resolution range used here (77-295 K). Analysis of susceptiand precision can be obtained by slowing down bility vs. temperature therefore allows us to identhe heating process with a styrofoam insulated tify whether the sample is entirely paramagnetic, sample holder. Depending on the insulation the diamagnetic, or ferrimagnetic, or contains a mixheating process takes 2-3 times longer, which ture of these groups. Two methods have been allows the determination of extremely well deproposed to measure the temperature depenfined curves and accurate detection of phase dence of a sample: (1) heating up to ca. 800°C
transitions (see below). (e.g. Zapletal, 1990); and (2) cooling to low tem-
The temperature distribution inside a cylindriperatures (Rochette and Vialon, 1984; Schultz- cal specimen without insulation shows a gradient Krutisch and Heller, 1985) . Heating is destructive with lowest temperatures in the core (Fig. 2) . and alters the sample (oxidation, dehydration, Initially, the surface heats up fastest, but after and other irreversible mineral transitions) and about 3 mm surface effects from condensing liqrequires a specially equipped furnace. Cooling, uids keep the temperatures at the rim down. The on the other hand, can be carried out by emergtemperature distribution is homogenous after ing the sample into a refrigerated gas (e.g. nitroabout 20 mm. The best place to measure the gen at 77 K or helium at 4.2 K) and does not alter average temperature of such a specimen is apthe sample. This requires only slight equipment proximately half-way between core and rim. Meamodification.
surements from the center of the specimen can have an up to 8 K lower reading than the average
Experimentalprocedures
temperature, which, because we are dealing with the bulk magnetic properties, introduces a slight We use a SI-2 (Sapphire Instruments) susceperror. The temperature of insulated specimens tibility meter in combination with a thermocouple has more time to equilibrate, and hence has a (1 mm probe diameter; accuracy ±1°, type K) smaller gradient from the core to the rim. connected to a hand-held digital thermometer for temperature control. The sample (2.1 X 2.4 stand-
LTMS results from paramagnetic and fern-
ard cylinder) has a 1 mm diameter hole for the magnetic samples thermocouple. It is not possible with this setup to measure the susceptibility-temperature k (T) The LTMS data are represented in diagrams curve directly, because the thermocouple interthat plot the normalized reciprocal (k 0/k) or the reciprocal magnetic susceptibility (1/k) vs. tern- 118 K (Verwey transition) and no temperature dependence between 120 K and 273 K.
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reached. Magnetite-dominated rock samples show the same behavior, and AMS in this case meadistance [mm] sures the shape anisotropy of magnetite. The analysis.
Mixed ferrimagnetic and paramagnetic behav -________________________________ ior
R 2 1.0 04,~<p\~~V In many samples paramagnetic and ferrimag--netic minerals both contribute to the susceptibil-~08 o.ga ity, and heating curves are the result of the super-~subtract position of the paramagnetic and ferrimagnetic x 0.4 effects. Figure 4 shows the results of a model ____________ calculation that uses ideal paramagnetic (9 = 0) and ferrimagnetic (k(T) = constant) compounds. (Fig. 4) . netic curves in a k 0 /k vs. T plot. Both curves were added to an initial mixture that has a ratio of 90: 10 ferrimagnetic to paramagnetic contribution to the total susceptibility. The ferrimagnetic contribution was stepwise removed from the initial method separates (kferri + kdia + kantjferro) from and the paramagnetic Curie temperature 0 (0 = kpara. Thus the results from both methods are -b/rn) of the sample. The sample in Fig. 5(a) is only comparable if kdia and kantiterro are negligian artificial biotite-magnetite mixture and shows ble, i.e. in rocks that are not dominated by diathe Verwey transition which is excluded from our magnetic minerals (quartz, feldspar, or calcite) or regression analysis. The negative intercept of the antiferromagnetic minerals (hematite or goethite). best-fit line yields a paramagnetic Curie temperaOnly the combination of both methods yields ture of 0 = 19.6 K. Figure 5(b) shows the heating unique solutions for kpara, kferri, and kdja + curve of a natural magnetite-bearing schist withkantiferro in the general case. However, in practice out a visible Verwey transition. The ferrirnagnetic the kdia and kantiferro are often negligible, or kdja susceptibility in this example is 78% of the room can be estimated. We have compared results obtemperature susceptibility. The convex shape of the initial curve is straightened out as R2 increases from 0.9536 to its maximum value at ioo 0.9931. We have developed a computer programt hat iteratively straightens out the heating curve 60~1 until R2 reaches a maximum and calculates C and 0 from the best-fit regression line.
We caution that a quantification of the contri-60 bution to the magnetic susceptibility of the vanous minerals with the low temperature method I-40 can only be obtained for multidomain magnetite,~/ not for titanomagnetites or superparamagnetic magnetites because their susceptibility is not tern- tamed from both methods (Fig. 6 ) using a variety termines the susceptibility tensor at 77 K (e.g. of samples from different localities (slates, phylIhmlé et al., 1989 ). This approach is not a true lites, and mica schists from the Central and separation method and only uses the fact that the Southern Alps and mudstones from ODP hole paramagnetic bulk susceptibility is strongly en-808C) that have negligible diamagnetic and antihanced at low temperatures. The Curie-Weiss ferromagnetic contributions. The graph (Fig. 6) law (assuming that 0 = 0) shows that the parashows a one-to-one correlation with a regression magnetic susceptibility will be enhanced by a coefficient close to 1 (R 2 = 0.993). The slope of factor of factor 3.8 if the temperature is lowered the regression line is close to 1 (0.977) and the from 290 to 77 K intercept is close to zero (0.1). The slight devia-(C/77)/( C/290) = 3.8 tion between the two methods may arise from: (1) the physical properties were not determined However, the LTAMS of a paramagnetic mmstrictly in the same direction, (2) not always the eral is not necessarily the same as the AMS at same specimens from one sample were used, (3) high field and low field-field susceptibilities were ____________________________________ measured on different instruments, (4) tion of the paramagnetic (LTMS) and ferrimag- room temperature. The Curie-Weiss law demonthe measurements no longer obey the Curiestrates that the paramagnetic anisotropy is ternWeiss law ( Fig. 7(a) ), which is probably a result of perature independent only if 0 is not a function ordering effects caused by the reduced atomic of the crystallographic orientation. Our LTMS motion close to the paramagnetic Curie temperacurves of a single biotite crystal (Fig. 7(a) The relative amount of paramagnetic and ferrimagnetic susceptibilities is determined in six orientations from heating curves. The upper curve is the original heating curve and the lower curve the paramagnetic remnant. (c) The ferrimagnetic susceptibilities are combined to the ferrimagnetic sub-tensor and the six paramagnetic susceptibilities to the paramagnetic sub-tensor, which yield the magnitudes and principal directions of the ferrimagnetic and the paramagnetic susceptibility ellipsoid.
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(Minneapolis) and David Dunlop (Toronto) carTo obtain a true separation of the paramagned out initial high field measurements on some netic part of the total susceptibility tensor we samples. High field and single mineral AMS meapropose a quantitative analysis of several heating surements were performed at the Institute for curves from different orientations of the same Rock Magnetism (Minneapolis) with the support specimen (Fig. 8) . The percentage of the paraof Chris Hunt and Jim Marvin. This paper benemagnetic contribution and the volume susceptibilfited considerably from insightful reviews by ity are determined in six orientations of the speciPierre Rochette and an anonymous reviewer. men from LTMS curves (Fig. 8(a) and (b) ). The results yield the paramagnetic susceptibilities in six directions, which are combined to derive the
